INTRODUCTION
Yeast-based systems, such as onehybrid and two-hybrid screening, are powerful tools for studying protein-DNA and protein-protein interactions (1) . However, yeast is not ideal for direct analysis of plasmid DNA. Typically, only a small quantity of plasmid DNA can be isolated from yeast cells using conventional procedures. The recovered plasmids are not sufficient for many routine molecular assays, such as restriction digestion, DNA sequencing, and subsequent yeast transformation. Therefore, further propagation of the recovered DNA in bacterial hosts becomes essential. This approach is feasible for low-throughput analyses. When performed in a high-throughput manner, the approach would, however, involve thousands of yeast and bacterial cultures, bacterial transformations, and plasmid DNA preparations from both bacteria and yeast. Such quantities of work are not practical for many research laboratories.
Rolling circle amplification (RCA) is an in vitro DNA amplification technique utilizing the rolling circle mechanism used by bacteria to replicate circular plasmids or viruses (2) . By using random hexamer primers and φ29 DNA polymerase, circular DNA templates can be amplified 10,000-fold at a constant temperature in a short time period (3) . The φ29 DNA polymerase has the capacity to perform displacement DNA synthesis for more than 70,000 base pairs without dissociation from the template and has high proofreading activity to ensure a high fidelity of DNA amplification (4, 5) . It has been reported that the error rate for this enzyme is 10 -6 -10 -7 (6).
Here we describe a method to amplify plasmid DNA from single yeast colonies using RCA. The amplified DNA is sufficient for restriction analysis, DNA sequencing, and retransformation of yeast cells for confirmation of the initial yeast two-hybrid interactions.
MATERIALS AND METHODS
The yeast strain CG-1945 (MATa, ura3-52, his3-200, lys2-801, ade2-101, trp 1-901, leu2-3, 112, gal4-542, gal80-538 , LYS 2::GAL1 UAS-GAL1 TATA -HIS3,  URA3::(GAL4 17-mers) 3 -Cyc1 TATA -lacZ, cyh r 2) was used in this study. Transformation of the yeast cells was carried out using the Frozen-EZ Yeast Transformation II™ kit (Zymo Research, Orange, CA, USA) according to manufacturer's instructions (http://www.zymoresearch.com/t2001-frame.html). Yeast two-hybrid assays were performed according to the methods described (7) . The primers used for DNA sequencing are listed in Table 1 .
The RCA reactions were performed using the TempliPhi™ 100 Amplification kit (Amersham Biosciences, Piscataway, NJ, USA SHORT TECHNICAL REPORTS to sample buffer with yeast cells, and the reaction mixtures were incubated at 37°C for 15 min. For freeze-thaw treatment, the yeast cells resuspended in sample buffer were frozen at -80°C for 5 min and then thawed at room temperature for 5 min. For amplification from glycerol stocks, 1 µL of yeast stocks kept in -80°C freezers was directly mixed with 5 µL of sample buffer. All the samples with the above treatments were incubated at 95°C for 3 min and then cooled down to 4°C. Five microliters of reaction buffer and 0.2 µL of the φ29 DNA polymerase (Amersham Biosciences) were added to the denatured cell suspensions. The mixtures were incubated at 30°C for 6-18 h. Restriction digestion of the RCA products was performed in 15-µL volumes. One microliter of amplified DNA was incubated with restriction enzymes in the appropriate buffer at 37°C for 4 h.
RESULTS AND DISCUSSION
We chose a yeast strain carrying both pBOK-XA21K and pPC86-UK plasmids to perform RCA. Three-dayold single colonies were picked directly from medium plates. After a rapid DNA isolation procedure (described below) and RCA for 12 h at 30°C, 1-3 µg of DNA in a broad size range were amplified (Figure 1) .
To confirm that the amplified products contained the template DNA, restriction digestion with the single-cut enzyme SalI was performed. A major band of 9 kb was obtained ( Figure 1 ). Double-digestion with SalI and NotI created four bands that were identical in size to the products of pBOK-XA21K and pPC86-UK cleaved by the same enzymes. These results indicated that the amplified DNA was concatemers of pBOK-XA21K and pPC86-UK. In addition to these two plasmids, which comprised the majority of amplified products, some background, presumably amplified from yeast chromosomal DNA, was also observed. The template preparation and RCA reactions were optimized using yeast cells containing a single plasmid (pBOK-XA21K). Freeze-thaw treatments have been used to lyse yeast cells in β-galactosidase filter assays (7). However, these treatments did not result in an increase in the amount of amplified products (Figure 2A ). In contrast, incubation of cells with zymolase, an enzyme that hydrolyzes glucose polymers of yeast cell walls at β-1,3-glucan linkages, significantly increased the yields of RCA products. Following zymolase treatment, amounts of amplified DNA increased with RCA reaction time ( Figure 2B ). Six hours after RCA reaction, the amplified products can be detected by gel electrophoresis.
Amplification efficiency using yeast cells cultured for different time periods and cells from glycerol stocks was tested. Younger cells yielded better templates for RCA. A linear decrease in the amount of amplified prod- UK-Seq-3 5′-ATGAAATCATGTGTTGTTGTGGCA-3′
Figure 1. Diagnostic restriction digest and agarose gel electrophoresis of plasmids pBOK-XA21K and pPC86-UK amplified from yeast cells by rolling circle amplification (RCA).
Single yeast colonies were picked and amplified in 10-µL volumes; 1 µL of the amplified DNA was digested with the indicated enzymes.
Restriction digestion of the pBOK-XA21K and pPC86-UK plasmids purified from Escherichia coli is also shown as control.
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ucts was observed with an increase in culture time during the 9-day period examined ( Figure 2C ). For example, the yield from 3-day-old yeast cells is 10-fold higher than that amplified from 9-day-old cells. Three days of growth were optimum for RCA. In addition, the pBOK-XA21K DNA was also directly amplified from 1 µL of yeast glycerol stocks, which would facilitate high-throughput RCA using frozen samples ( Figure 2D ). RCA DNA amplified from the yeast cells containing pBOK-XA21K and pPC86-UK was sequenced using a Dye terminator DNA sequencing kit (Amersham Biosciences). Up to 600 bases of high quality sequence were typically obtained in a single run (data not shown), indicating that RCA-amplified plasmids were excellent templates for DNA sequencing. By using with primer SSO20 specifically recognizing pPC86-UK or primer GAL4-DB recognizing pBOK-XA21K, the insert of each of the two plasmids can be selectively sequenced from the mixed RCA templates. These results make it possible to identify the interactors without physical separation from the bait constructs.
To estimate the error rate of RCA in our experiments, plasmid DNA was isolated from 20 randomly picked bacterial clones transformed with the RCA-amplified pBOK-XA21K and pPC86-UK. The coding region of Xa21K (1042 bp) and UK (1486 bp) was completely sequenced (data not shown). Only one mutation (T→C) was found in the coding region of the UK gene (data not shown). These observations indicate that the RCA-based plasmid rescue is accurate. The rare occurrence of mutations should not interfere with subsequently functional assays, because a number of transformants would likely be collectively used.
We have previously shown that XA21K interacts with UK in the yeast two-hybrid system, but not with an XA21K mutant, XA21-K736E (L.-Y. Pi and W.-Y. Song, unpublished data). We then tested whether the RCA products can be used in the yeast two-hybrid assays. Two pairs of plasmids (pBOK-XA21K/pPC86-UK and pBOK-XA21K-K736E/pPC86-UK), prepared by RCA and by the conventional rescue methods, respectively, were transformed into yeast cells. By using standard procedures, an efficiency of 4.6 × 10 3 transformants/ µg DNA was achieved for the RCAamplified pPC86-UK. Typically, 0.5-1 µg of RCA products can produce sufficient amounts of transformants for subsequent analyses. Functional assays indicated that the RCA-amplified DNA functions similarly to its template in all the aspects tested, including LEU2, TRP selections, and the XA21K-UKspecific interactions (HIS3 and LacZ) ( Figure 3 and data not shown). Yeast has very active homologous recombination systems (8) . We reasoned that monomers of bait and prey could be created by homologous recombination from concatemeric RCA products. To confirm this hypothesis, we isolated plasmid DNA from 10 independent yeast colonies transformed with pPC86-UK using conventional methods, respectively. The rescued DNA was further propagated in Escherichia coli and then analyzed by gel electrophoresis. Figure 4 shows that the recovered plasmids are similar in size to the monomeric control construct. Restriction digestion confirmed that these plasmids contained the correct insert (Figure 4) . Thus, yeast can generate monomeric circular plasmids from transformed RCA products.
The primary goal of the study was to develop a simplified procedure for conducting yeast two-hybrid analysis on a large scale. The RCA-based approach described in this study eliminates a number of laborious and time-consuming steps related to the propagation of plasmid DNA using E. coli as hosts in the conventional yeast two-hybrid procedures.
Compared with the PCR-mediated in vitro DNA amplification, the RCA system also has several advantages. It can efficiently amplify circular DNA ranging in size from small plasmids to bacterial artificial chromosomes with the size of several hundred thousand base pairs. The random hexamer primers are universal for the amplification of any plasmid, which eliminates the needs to synthesize gene-specific primers. Because RCA mainly utilizes original plasmids rather than newly synthesized DNA as a template for amplification, the error rate of amplification can be greatly reduced, and the contamination risk is minimal. More importantly, the capability of high-fidelity amplification of large pieces of DNA containing multiple genes enables the complex functional assays requiring a cooperative action of multigene products. These features make the RCA products amenable to yeast two-hybrid analysis, particularly on a large scale.
In general, the RCA-based approach to manipulating plasmid DNA in yeast is simple, reliable, and robust. It is based on standard laboratory equipment and can be easily carried out in a high-throughput manner. The approach was originally designed to simplify the recovery of plasmids from large-scale yeast two-hybrid projects. However, this RCA approach could be used in other yeast-based systems, such as yeast one-hybrid, reverse yeast two-hybrid, and yeast three-hybrid screenings, thereby facilitating the utility of yeast as a tool for molecular biology and genomics research.
